To identify the most active curative treatment of Buruli ulcer, two regimens incorporating the use of rifampin (RIF) were compared with the use of RIF alone in a mouse footpad model of Mycobacterium ulcerans infection. Treatments began after footpad swelling from infection and continued for 12 weeks with five doses weekly of one of the following regimens: (i) 10 mg of RIF/kg alone; (ii) 10 mg of RIF/kg and 100 mg of amikacin (AMK)/ kg; and (iii) 10 mg of RIF/kg, 100 mg of clarithromycin (CLR)/kg, and 50 mg of sparfloxacin (SPX)/kg. The activity of each regimen was assessed in terms of the reduction of the average lesion index and acid-fast bacillus (AFB) and CFU counts. All three regimens displayed various degrees of bactericidal activity against M. ulcerans. The ranking of bactericidal activity was found to be as follows: RIF-AMK > RIF-CLR-SPX > RIF. RIF-AMK was able to cure M. ulcerans-infected mice and prevent relapse 26 weeks after completion of treatment. To determine the impact of different rhythms of administration of RIF-AMK on the suppression of M.ulcerans growth, mice were given the RIF-AMK combination for 4 weeks but doses were administered either 5 days a week or twice or once weekly. After completion of treatment, the mice were kept under supervision for 30 additional weeks. M. ulcerans was considered to have grown in the footpad if swelling was visually observed and harvests contained more than 5 ؋ 10 5 AFB per footpad. The proportion of mice in which growth of M. ulcerans occurred, irrespective of drug dosage, was compared with the control mice to determine the proportion of M. ulcerans killed. Each dosage of RIF-AMK was bactericidal for M. ulcerans (P < 0.001), but the effect was significantly stronger in mice treated 5 days per week. The promising results of RIF-AMK treatment in M. ulcerans-infected mice support the clinical trial that is currently in progress under World Health Organization auspices in Ghana.
Buruli ulcer or Mycobacterium ulcerans infection is the third most common mycobacterial disease after tuberculosis and leprosy. Large surgical excision of necrotic tissue, followed by skin grafting is, at present, the only treatment (21) . The search for antimycobacterial drugs able to increase efficacy or substitute for surgical treatment is a priority.
Using the kinetic method designed by C. C. Shepard for testing antileprosy drug activity in the mouse footpad (17) , the following antimicrobials were assessed against M. ulcerans: clarithromycin (CLR), minocycline, sparfloxacin (SPX), rifampin (RIF), rifabutin, and amikacin (AMK). RIF, rifabutin, and AMK exhibited bactericidal activity, whereas CLR and SPX exhibited bacteriostatic activity; minocycline demonstrated no activity (3) .
Since the RIF-AMK combination was anticipated to be highly potent against M. ulcerans, we initially studied the curative efficacy of this combination. Treatment was given daily for 3 months after mouse footpad swelling from M. ulcerans infection had occurred. Because combined RIF-AMK requires the injection of AMK, a requirement often difficult to fulfill in the field, we tested the alternative response to two oral regimens: the use of RIF alone and the use of RIF-CLR-SPX.
The results of the first experiment indicated that the combination RIF-AMK was the most potent curative therapy against M. ulcerans. A second experiment was conducted to determine whether reducing the drug administration from daily (5 days a week) to twice weekly or once weekly for 4 weeks would retain potency. The method used was derived from the proportional bactericidal assay developed for M. leprae (2) that measures bactericidal activity of drug regimens given as preventive therapy.
MATERIALS AND METHODS
The Cu001 strain of M. ulcerans used was isolated from tissue excised from a Buruli ulcer patient in Adzopé, Ivory Coast, in June 1996, and was maintained in a mouse footpad. The footpad techniques were adapted from those developed of Shepard and McRae for the inoculation and counting of M. leprae in the mouse footpad (18, 19) . Mouse footpad-grown M. ulcerans was used for inoculation. Acid-fast bacilli (AFB) in the footpad were counted, and the suspension was further diluted up to the desired concentration for footpad injection in the plantar surface. During experiments, AFB counts were performed microscopically according to the method of Shepard and McRae (18) ; CFU counts were made by plating appropriate dilutions of footpad suspensions onto Löwenstein-Jensen slants for incubation at 32°C for 4 months.
The following compounds were provided by their manufacturers: RIF, Marion Merrel-Dow, Neuilly, France; AMK, Bristol-Myers-Squibb, Paris, France; CLR, Abbott, Rungis France; SPX, Rhone DPC Europe, Anthony, France. RIF, CLR, and SPX were suspended in 0.05% agar-containing distilled water at the desired concentration. AMK was diluted in normal saline at the concentration of 10 mg/ml. The stock solutions were prepared weekly and stored at 4°C.
(i) Mouse model, infection, and treatment. Female BALB/c mice aged 5 to 6 weeks, weighing 18 to 20 g, were purchased from Janvier Breeding Center, Le Genest-Saint-Isle, France, and housed in our animal facility for 2 days before infection. Mice were given 600 mg of cloxacillin/kg 20 to 30 min before infection to prevent possible Staphylococcus aureus superinfection. Mice were infected in the left hind footpad, and the right hind footpad was used as negative control for assessing M. ulcerans growth.
In the first experiment, 200 BALB/c mice were infected with 0.03 ml of a bacterial suspension containing 3 ϫ 10 3 M. ulcerans CFU (or 3 ϫ 10 4 M. ulcerans AFB). Infected mice were kept without treatment until they developed swollen footpads, usually within ca. 5 weeks. At this point, mice were randomly allocated to four groups: an untreated control group of 50 mice and three additional groups of 50 mice each, to which one of the following three regimens was administered: (i) 10 mg of RIF/kg alone; (ii) 10 mg of RIF/kg and 100 mg of AMK/kg; or (iii) 10 mg of RIF/kg, 100 mg of CLR/kg, and 50 mg of SPX/kg. Drugs were given at dosages chosen to provide an area-under-the-curve value comparable to those obtained in humans (8, 9, 13, 14) . The treatments were administered by gavage 5 days a week for 12 weeks through an esophageal cannula, except for AMK, which was injected subcutaneously. After treatment completion, mice were monitored for up to 39 weeks (W39).
In the second experiment, 168 mice were randomly distributed into four groups of 42 animals each: these groups included controls (untreated) and three treatment groups that received 4 weeks of RIF-AMK therapy administered either 5 days a week or twice or once weekly. Within these four groups, there were seven subgroups of six mice each that had been infected in the left hind footpad with 0.03 ml of a serially diluted M. ulcerans suspensions containing 5 ϫ 10 5 , 5 ϫ 10 4 , 5 ϫ 10 3 , 5 ϫ 10 2 , 5 ϫ 10 1 , 5 ϫ 10 0 , or 5 ϫ 10 Ϫ1 AFB. Except for the control group, the three treatment groups began RIF-AMK therapy the day after infection. RIF was administered by gavage at 10 mg/kg (0.2 to 0.3 ml of the 1-mg/ml stock solution, according to the increase in mouse body weight). AMK was injected subcutaneously at 100 mg/kg (0.2 to 0.3 ml of the 10-mg/ml stock solution, according to the increase in mouse body weight).
After treatment completion, mice were held for 30 weeks, a period of time sufficient to permit a single surviving organism (which might exist in either the log 0 or log 1 serial dilution) to multiply for footpad swelling to become apparent.
(ii) Assessment of M. ulcerans growth. In the first experiment, each drug regimen was assessed in terms of reduction of the average lesion index (ALI) and the change in the AFB and CFU counts. The lesion index was defined as follows: index 0 ϭ normal footpad; index 1 ϭ noninflammatory footpad swelling; index 2 ϭ inflammatory footpad swelling; index 3 ϭ inflammatory hind foot swelling; index 4 ϭ inflammatory leg swelling; and index 5 ϭ death of the mouse. Footpad examinations and mortalities were recorded on a weekly basis during the 12 weeks of treatment and then for 27 additional weeks after treatment cessation. ALI was calculated from the average of each group lesion index. The ALI varied from 0 to 5.
The day after infection, 10 mice were sacrificed to establish a baseline of AFB and CFU counts in the left footpads. After 1 week (W1), 2 weeks (W2), 4 weeks (W4), 8 weeks (W8), and 12 weeks (W12) of treatment, AFB and CFU counts were performed on samples from five footpads in each treatment group.
In the second experiment, after the 4-week period of treatment, mice were examined on a weekly basis for 34 weeks to detect any footpad swelling. If footpad swelling occurred (index 2), mice were sacrificed for AFB count. If organisms had survived the treatment and resumed multiplication after treatment completion, M. ulcerans was considered to have grown when the following conditions were associated: footpad swelling and Ͼ5 ϫ 10 5 AFB harvested from the footpad. In each treatment group, the proportion of mice in which growth occurred was compared with the control group to determine the "most probable number" of AFB that gave rise to growth in order to calculate the proportion of M. ulcerans killed (2) .
(iii) Statistical analysis. In the first experiment, results were analyzed by the Student t test and Fisher exact probability correlations. P values were two tailed, and a P value of 0.05 was considered statistically significant.
In the second experiment, the proportion of viable M. ulcerans surviving treatment was determined as the median (50%) infectious dose, and the significance of the differences between the groups was calculated by using the Spearman and Korber method (20) .
RESULTS
Experiment 1: activity of the three regimens utilizing RIF. (i) ALI. The ALI results are presented in Fig. 1 . In control mice, the ALI steadily increased from inflammatory footpad swelling (index 2) to death (index 5) by W8. In treated mice, no death occurred during the 12-week treatment. In mice treated with RIF alone, the ALI increased from index 2 to index 3 between W0 and W2 and then remained stable until completion of treatment. In RIF-CLR-SPX-treated mice, the ALI also increased from index 2 to index 3 between W0 and W3. It leveled off during W3 to W4 and then steadily decreased from index 3 to index 1 between W4 and W12. In RIF-AMK-treated mice, the ALI steeply decreased from index 2 to index 1 during the first 4 weeks of treatment. Thereafter, it remained stable or decreased slowly to reach 0.5, i.e., an apparent complete cure, by W12.
During follow-up after treatment completion, the ALI remained more or less stable in RIF-treated mice at ca. index 3 or slightly decreased from W12 to the end of the follow-up at W39. The seven remaining mice were sacrificed for determination of the AFB and CFU counts. In RIF-CLR-SPX-treated mice, the ALI remained stable at around index 1 until W20 and then steadily increased to index 3.5 by W27. Because of this, the remaining 13 mice were sacrificed on W28 for determination of the AFB and CFU counts. In RIF-AMK-treated mice, the ALI remained stable at index 0.5 until the end of the 39-week follow-up, when the mice were sacrificed for determination of the AFB and CFU counts.
(ii) Enumeration of AFB in footpads. In control mice, the mean AFB counts increased significantly (P Ͻ 0.001) from 6.22 to 7.27 log 10 between W0 and W4. By W8 all of the mice were dead. In both RIF-treated mice and RIF-CLR-SPX-treated mice, the AFB counts slightly increased during the first weeks of therapy and then remained stable thereafter. In RIF-AMKtreated mice, the AFB counts remained unchanged over the course of the experiment.
(iii) Enumeration of CFU in footpads. In control mice, the mean CFU increased from 5.7 to 6.63 log 10 between W0 and W2. By W4, the cultures indicated S. aureus superinfection, and by W8 all mice had died. In treated mice, the CFU counts remained stable during the first 2 weeks of treatment. Then, by up to W8 they progressively declined to reach 0.34 log 10 in RIF-AMK-treated mice, 1.72 log 10 in RIF-CLR-SPX-treated mice, and 4.02 log 10 in RIF-treated mice ( Table 1 ). The CFU counts at W8 of treatment were significantly different from the pretreatment count, indicating that the drug regimens displayed various degrees of bactericidal activity in the following order: RIF-AMK Ͼ RIF-CLR-SPX Ͼ RIF alone.
Experiment 2: activities of the RIF-AMK combination given at once, twice, or five times weekly. In untreated control mice, footpad swelling occurred at W4, W6, W8, W10, and W12 in mice infected with 10 5 , 10 4 , 10 3 , 10 2 , and 10 1 M. ulcerans AFB, respectively (Table 2 ). According to the numbers of mice with swollen footpads, the proportion of viable M. ulcerans was 73.9% in the untreated control. The proportion of viable organisms was 0.22 to 0.32% among mice treated once a week with RIF-AMK, 0.047% among mice treated twice a week, and 0.0046% among mice treated five times a week. Therefore, the killing effect of RIF-AMK was directly related to the rhythm of drug administration. The more frequently the dose was given, the greater the bactericidal activity.
DISCUSSION
The results of both experiments demonstrated the bactericidal activity of RIF-AMK against established M. ulcerans infections. In the first experiment, 12 weeks of curative treatment with RIF-AMK given 5 days a week resulted in an apparent cure. In the second experiment, RIF-AMK was significantly more bactericidal when given 5 days a week compared to when it was given 2 days a week and was even more bactericidal when it was given 2 days a week than when given once a week. However, 4 weeks of 5-day/week therapy with RIF-AMK was clearly not long enough to completely prevent subsequent 3194 DEGA ET AL. ANTIMICROB. AGENTS CHEMOTHER.
growth of M. ulcerans in infected mice. One can thus tentatively conclude that the optimal frequency of dose is daily and that the optimal duration of treatment is between 4 and 12 weeks. Because of the bactericidal activity of the RIF-AMK against M. ulcerans, it is desirable to test its clinical activity in patients with Buruli ulcer. Both RIF and AMK are extensively used drugs: RIF is used for the treatment of tuberculosis (15) and leprosy (12) , and amikacin is used for the treatment of severe bacteremia. While RIF has limited toxicity AMK, like all aminoglycoside antibiotics, has potential ototoxicity and nephrotoxicity that is dose related (7). In addition, AMK requires parenteral administration, which presents difficulties in patient delivery, along with potential transmission risk for human immunodeficiency virus under nonsterile conditions. Streptomycin (11) is a possible substitute for AMK since it has been tested against M. ulcerans in the mouse model at a daily dosage of 150 mg/kg of body weight (a dose equipotent to 15 mg/kg in humans) and exhibited bactericidal activity comparable to that of AMK, even though the activities of the two drugs have never been compared in the same experiment (3, 4, 16) .
The oral combination RIF-CLR-SPX, also given 5 days a week, was clearly less effective than AMK-RIF, although it killed ca. 4 log 10 M. ulcerans bacilli in 8 weeks and is an oral regimen. Therefore, it is tempting to consider testing such a combination in the treatment of Buruli ulcer. However, SPX has been withdrawn because of phototoxicity, and none of the other fluoroquinolones that have been tested against M. ulcerans appeared to be as active as SPX (1).
The results of the present study raise several issues regarding the fate of M. ulcerans in mouse tissues. The persistence of AFB, despite the clearcut decrease of CFU counts in treated Because of its immunosuppressive properties, mycolactone, the polyketide toxin secreted by M. ulcerans may inhibit the clearance of nonviable bacilli by macrophages, as does the anergy induced by M. leprae (6) .
As previously reported (3), the assessment of M. ulcerans growth in footpads of mice by using Löwenstein-Jensen media was compromised by the superinfection of footpads (and consequently the culture media) with S. aureus. It appears that the best way to evaluate the efficacy of a treatment is to measure the prevention or reduction of footpad swelling in mice infected with large numbers of AFB and to relate the observation of footpad swelling combined with an AFB count greater than 5 ϫ 10 5 as a surrogate marker of M. ulcerans growth in the mouse footpad. It is interesting that swelling of footpads in control mice was delayed for 2 weeks as the inoculum was diluted 10-fold. Considering that the AFB counts increased by 1 log 10 in a 2-week period, the generation time of M. ulcerans can be estimated to be between 3 and 4 days, which is in agreement with previous reports (3, 5) In conclusion, RIF-AMK is an antibiotic regimen able to cure established M. ulcerans infection in mice. The role of this combination in the treatment of M. ulcerans infection in humans, i.e., whether it can be used in addition to or as a substitute for surgery, remains to be determined. a "Multiplication" was defined as footpad swelling and harvests of Ն5 ϫ 10 5 AFB per footpad. The number of weeks between infection and footpad swelling is given in parentheses.
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